contributed to dysmotility in colitis, [7, 8] and by others that disrupted calcium release was the major cause of colonic dysmotility. [9] [10] [11] [12] The alteration of Ca 2+ pathways in colonic SM during colitis, therefore, remain unclear.
Inositol 1,4,5-trisphosphate receptor (IP3R) and ryanodine receptor (RyR) are Ca 2+ release channels while sarcoplasmic reticulum Ca 2+ -ATPase (SERCA) is a Ca 2+ pump residing on the sarcoplasmic reticulum (SR). Alteration in these channels can impair Ca 2+ homeostasis and result in abnormal SM contractility.
The aim of this study was to determine, in a UC model:
(1) whether intracellular Ca 2+ stores were changed during inflammation, and if so, how this alteration influenced colonic motility; and (2) the underlying molecular mechanisms of impaired intracellular Ca 2+ homeostasis.
Methods

Animals
Male Sprague-Dawley rats (aged 7 weeks and weighing 190-210 g) were purchased from Vital River Laboratories (Beijing, China) and housed in the animal facility of Peking University First Hospital, in accordance with approved ethical guidelines. Animals were exposed to light: dark cycles (12 h: 12 h) with a controlled environmental temperature (22°C) and were acclimatized for 3 days before entering the study.
Animal grouping and induction of colitis
Using a random number table, 35 normal rats were divided into control (n = 18) and dextran sulfate sodium (DSS) (n = 17) groups. Induction of colitis was performed as previously described with minor alteration. [13] Rats of the DSS group were administered 5% DSS (MW 36,000-50,000; MP Biomedicals, LLC, OH, USA) in the drinking water for 7 days. Control, or healthy, rats drank only the same tap water. On day 8, the distal colons were removed from rats anesthetized with 5% chloral hydrate (Sigma-Aldrich, St. Louis, MO, USA). After removing feces, colons were fully cleaned with ice-cold extracellular solution (140 mmol/L NaCl, 2 mmol/L CaCl 2 , 5.5 mmol/L KCl, 1 mmol/L MgCl 2 , 10 mmol/L HEPES, 3 mmol/L glucose, pH 7.4). Colon segments at 5 cm above the anus were harvested and used for further analysis. Using a random number table, 8 control and 7 DSS-treated rats were selected and contractility of the muscle strips was measured. In addition, 3 rats were selected from each group to measure Ca 2+ transients and another 3 rats to measure cytosolic Ca 2+ . The remaining 4 rats in each group were used to harvest samples for Western blotting. The experiment was performed at the National Laboratory of Biomacromolecules, Chinese Academy of Sciences, Beijing, China.
Histological staining
Distal colon segments were fixed in paraformaldehyde (Sigma-Aldrich) for 24 h and were then embedded in paraffin and sectioned (5 μm) onto glass slides. Hematoxylin-eosin staining was performed using standard protocols. Images were acquired on a Leica SCN400 Scanner microscope (Leica, Mannheim, Germany).
Contractile measurement of rat colonic muscle strips in vitro
Contractile measurements were performed as previously described with minor alteration. [14] To measure isometric tension contractions, approximately 0.5 cm freshly prepared muscle strips with mucosa were suspended in the circular direction in a 10-ml organ bath, coupled with a model BL-420F acquisition system (Chengdu TME Technology Co., Ltd., Sichuan, China), and containing oxygenated Krebs solution (119 mmol/L NaCl, 2.5 mmol/L CaCl 2 , 4.7 mmol/L KCl, 1.17 mmol/L MgSO 4 , 1.18 mmol/L KH 2 PO 4 , 25 mmol/L NaHCO 3 , 11 mmol/L glucose) at 37°C. The tissues were allowed to equilibrate for 1 h, with the bath fluid changed every 15 min, at a resting tension of 1 g. After equilibration, 1 μmol/L carbachol (Cch) (Sigma-Aldrich) was used to stimulate contraction of the muscle strips. After washing out the Cch, 20 mmol/L KCl was applied to enhance muscle strip contraction. The mean amplitude, frequency and average tension of spontaneous, Cch-and KCl-enhanced contractions were measured from 5 min before until 5 min after application of each treatment.
Isolation of smooth muscle cells
Single SM cells were prepared enzymatically as previously described with minor modifications. [15] The mucosa and serosa of distal colon segments were removed under a microscope. The SM was then minced and incubated in a Ca 2+ -free enzyme extracellular solution containing 2 mg/ml papain, 1 mg/ml dithiothreitol, and 1 mg/ml bovine serum albumin (BSA) (all from Sigma-Aldrich) for 20 min at 37°C. The solution was then decanted and the cell suspension rinsed three times and placed in a low Ca 2+ (0.1 mmol/L) extracellular solution containing 1 mg/ml collagenase H (Roche Diagnostics, Mannheim, Germany), 1 mg/ml dithiothreitol and 1 mg/ml BSA for an additional 15 min at 37°C. Next, collagenase-free low Ca 2+ extracellular solution was used to wash the suspended cells to remove all collagenase and single cells were released by gentle agitation. Cells were maintained in the low Ca 2+ extracellular solution supplemented with 1 mg/ml BSA at 4°C. 
Measurement of
Cytosolic Ca 2+ measurements
Freshly isolated cells were kept in extracellular solution and incubated with 2 μmol/L Fura 2-AM (molecular probes) for 20 min. Then SM cells were placed in chambers mounted on the stage of an inverted microscope (Olympus, Tokyo, Japan). The excitation wavelengths were switched between 340 and 380 nm and fluorescence emission was measured at 510 nm. Cytosolic Ca 2+ concentrations were calculated from fluorescence ratios as previously described. [16] 
Western blotting analysis
Western blotting analysis was performed as described previously [17] with minor modifications. SM samples were homogenized in RIPA buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) to extract protein. Samples were heated at 90°C for 5 min and centrifuged at 5000 ×g for 5 min. The supernatants were resolved on 10% (for large-conductance calcium-activated potassium channel [BKCa], SERCA2a and nuclear factor-kappa B [NF-κB]) or 8% (for IP3R1) SDS-polyacrylamide gels and 4-12% Bis-Tris Gels (Invitrogen, NY, CA, USA) (for phospholamban [PLB] ). The resolved protein bands were transferred to PVDF membranes (Millipore, Bedford, MA, USA) at 300 mA for 1 h (BKCa, NF-κB), 300 mA for 1.5 h (SERCA2a), 400 mA for 1.5 h (IP3R1), or 400 mA for 1 h (PLB). The membranes were blocked with Tris-buffered saline-Tween 20 containing 5% nonfat dry milk (Sigma-Aldrich) at room temperature for 1 h and then incubated at 4°C overnight with anti-SERCA IgG (1:1000, ab2801, Abcam, Cambridge, UK), anti-BKCa IgG (1:1000, ab3587, Abcam), anti-NF-κB IgG (1:2000, 8242, Cell Signaling Technology, Inc.), anti-IP3R1 IgG (1:1000, ab5804, Abcam) or anti-PLB IgG (1:1000, ab2865, Abcam). The membranes were washed and then incubated with the appropriate secondary antibodies at room temperature. After washing, labeled bands were detected using enhanced chemiluminescence solutions 1 and 2 (1:1) (Millipore).
Statistical analyses
Data are expressed as mean ± standard error (SE). Statistical differences between means were determined with SPSS version 16.0 (SPSS, Chicago, IL, USA). Differences between control and DSS groups were analyzed using two-sample independent t-test and comparison within the group before and after infusion of various stimulations were compared by paired t-test. Bonferroni correction was performed in multiple comparisons. N represents the number of cells and n represents the number of rats. P < 0.05 was considered statistically significant.
results
Morphology and histopathology
Rats drinking DSS solution for 7 days had colitis with diarrhea and bloody stools. The lengths of the large intestines in DSS treated rats (n = 7) were much shorter than in controls (n = 8) (14.4 ± 0.8 cm vs. 18.6 ± 0.3 cm, t = 5.174, P < 0.001) [ Figure 1a and 1b]. In contrast, no statistical differences in In control rats, the Cch (1 μmol/L) induced contractions of SM strips had an average tension that was increased about 2-fold above baseline (from 0.96 ± 0.05 g to 1.80 ± 0.19 g, t = 5.424, P = 0.001) [ Figure 2b and 2j] and an amplitude of phasic contraction increased over 7-fold (from 0.52 ± 0.10 g to 3.62 ± 0.60 g, t = 5.005, P = 0.002) [ Figure 2k ]. However, in SM strips from the DSS group, Cch did not significantly increase either average tension or amplitude of phasic contractions [ Figure 2e and 2j-2k] . Thus, compared to control groups, the average tension of Cch-evoked contractions in DSS group were much weaker (1.08 ± 0.10 g vs. 1.80 ± 0.19 g, t = 3.253, P = 0.006). In both DSS and control rats, there was no statistically significant effect of Cch on frequency of SM contractions (17.03 ± 3.11 cpm vs. 19.35 ± 2.10 cpm, t = 0.632, P = 0.538) [ Figure 2l ].
Ca
2+ transients were significantly altered in colonic smooth muscle of dextran sulfate sodium treated rats
In Fluo-4 AM-loaded colonic SM cells from both control and DSS treated rats (n = 3) spontaneous Ca 2+ transients were observed but these were more likely to occur in cells vs. 5.399 ± 0.929 s, t = 2.311, P = 0.010) were significantly shorter than those from controls [ Figure 3g and 3h].
The cytosolic Ca 2+ levels measured in Fura-2 AM-loaded colonic SM cells from DSS treated rats were similar to those in controls (1.768 ± 0.023 vs. 1.727 ± 0.017, N = 58 in DSS group and N = 50 in control group, t = 1.386, P = 0.169) [ Figure 3i ].
Altered expression of Ca 2+ handling proteins
Because SERCA2a, PLB, IP3R1, and BKCa are Ca 2+ handling proteins in SM cells, their expression in colonic SM from control and DSS treated rats (n = 4) were analyzed by Western blotting. As shown in Figure 4 , SERCA2a expression within the SM layer was significantly lower in DSS treated rats than in controls (0.42 ± 0.05 vs. 0.66 ± 0.06, t = 3.274, P = 0.017) [ Figure 4b ]. Expression of PLB (1.05 ± 0.05 vs. 0.56 ± 0. 14, t = 3.187, P = 0.019) [ Figure 4c ] and IP3R1 (1.56 ± 0.16 vs. 0.63 ± 0.04, t = 5.689, P = 0.001) [ Figure 4d ] was significantly higher in DSS treated rats than in controls. However, BKCa expression was similar in both groups (0.97 ± 0.04 vs. 0.98 ± 0.04, t = 0.310, P = 0.767) [ Figure 4e ].
dIscussIon
In this study, we used DSS-treated rats to assess the impact of Ca 2+ signaling alterations on the disrupted contractility of colonic SM and further investigated the underlying mechanisms of disrupted Ca 2+ signaling pathways during UC. DSS-treated rats provide a reliable animal model of the disease, exhibiting some of the clinical and histopathological characteristics of UC. [18] [19] [20] [21] In addition, some therapeutic agents for UC were effective in DSS-induced colitis. [19] All rats treated with DSS in our study had diarrhea and hematochezia. Their colon lengths were shorter than those of control rats and they showed mucosal ulcerations and inflammatory cell infiltrations.
Decreased segmenting colonic contractions and increased propagating contractions in patients with UC [2] were previously demonstrated, but the underlying mechanisms of this process have been controversial. Our results showed that compared with control rats, the amplitude and average tension of spontaneous contractions of the colonic SM from DSS-treated rats were much higher while Cch-evoked contractions were significantly lower. However, contractile responses to KCl were similar in the two groups. Potassium initiates contraction via membrane depolarization and activation of calcium influx through voltage-sensitive channels. Because the response to potassium in the SM strips from DSS-treated rats were similar to that in the control, it is reasonable to speculate that this pathway did not contribute to the alteration of contractility in the inflamed colons. Cch, nevertheless, initiates contraction by the release of calcium from intracellular stores. The decreased Cch-evoked contraction in SM strips from DSS rats demonstrated that altered calcium release from intracellular stores might be responsible for dysmotility in the inflamed colon. Our findings agreed with previous reports suggesting that the handling of intracellular calcium was altered in colitis. [9, 10, 22, 23] However, several studies suggested that defective influx of extracellular Ca 2+ , caused by reduced L-type Ca 2+ channel expression or decreased L-type Ca 2+ channel activity, caused the dysregulated contractility of SM during colitis. [7, 8, 24] The reasons for such contradictions are unknown but might relate to differences in materials, species and the region or severity of inflammation among various studies.
To further test the hypothesis that disrupted Ca 2+ utilization and intracellular Ca 2+ stores contribute to dysmotility, we examined cytoplasmic Ca 2+ , monitoring both spontaneous and caffeine-evoked Ca 2+ transients in single SM cells isolated from the colons of the experimental animals.
Resting cytoplasmic Ca
2+ levels in myocytes from DSS rats were identical to those in controls, while the peak of caffeine-induced Ca 2+ transients was significantly lower, indicating decreased SR calcium contents in rats with UC. A decreased SR calcium content indicated that Ca 2+ release during electrical action potential would be lower, resulting in impaired SM contractility. However, Ca 2+ transients, observed in SM from both groups before caffeine application, had a higher incidence in myocytes from inflamed colons (50% vs. 14%). Because Ca 2+ transients represent fundamental mechanisms to modulate membrane potential and excitability in myocytes, [25] the finding that SM cells from inflamed colons had a higher incidence of Ca 2+ transients supported a speculation that these cells were more excited and more likely to contract. The SM cells from animals with colitis would have much more tendency to contract might explain our observation that colon lengths in DSS-treated rats were significantly shorter than in controls. Furthermore, the decreased intracellular Ca 2+ release in colonic SM cells was related to decreased Cch-evoked contractions.
IP3R, RyR, and SERCA are the major Ca 2+ channels present on the SR and the function of SERCA is regulated by PLB. [26] To further investigate the underlying mechanisms for disrupted intracellular Ca 2+ mobilization in SM cells in colitis, we examined levels of IP3R1, PLB, and SERCA2a, the major isoforms expressed in colonic SM. [14] We found that in SM from DSS compared with control rats, SERCA2a levels were significantly decreased while, in contrast, those of PLB were upregulated. SERCA2a is regulated by PLB, a 5-kD protein. Unphosphorylated PLB inhibits SERCA2a by decreasing its Ca 2+ affinity, and this inhibition is relieved by PLB phosphorylation. Our results suggested that both expression and Ca 2+ affinity of SERCA2a were decreased, leading to impaired refilling of intracellular Ca 2+ stores. Meanwhile, expression levels of IP3R1 were clearly increased in rats with colitis, which might explain the higher incidence, compared with in control animals, of Ca 2+ transients in inflamed colonic SM cells and the shortened colon length in DSS-treated rats. These preliminary findings agreed with reports by Al-Jarallah et al. [14] and Qureshi et al. [11] BKCa can be activated directly by Ca 2+ release from the SR in SM cells of the gastrointestinal tract, leading to membrane hyperpolarization and decreased Ca 2+ entry through voltage-dependent Ca 2+ channels and ultimately resulting in muscle relaxation. [27] In our study, we demonstrated that BKCa expression was similar in DSS and control groups, further eliminating this pathway as a contributor in the decreased SM contractility in UC. That is, decreased extracellular Ca 2+ entry is not a likely reason for the dysmotility. However, further investigation will be needed to assess whether BKCa function is altered in UC.
In summary, our study showed that spontaneous contractility increased significantly and Cch-evoked contraction decreased remarkably in DSS-induced UC. Abnormalities in intracellular Ca 2+ stores, including increased Ca 2+ transients and impaired refilling of intracellular stores, accounted for the observed dysmotility. The underlying mechanism involved increased IP3R1 expression and decreased expression and function of SERCA2a.
